Chapter 1
The dark secrets of gaseous nebulae
Emission line nebulae
The existence and distribution of the chemical elements and their isotopes is a consequence of nuclear processes that have taken place in the past in the Big Bang and subsequently in stars and in the interstellar medium (ISM) where they are still ongoing (Pagel, 1997) . A large body of our knowledge of the distribution and production of elements in the universe rests on observations and analyses of photoionized gaseous nebulae. Ionized and heated by strong ultraviolet (UV) radiation fields, photoionized gaseous nebulae glow by emitting strong emission lines (Osterbrock and Ferland, 2005) . They are therefore also commonly named emission line nebulae.
Examples of emission line nebulae include H ii regions, planetary nebulae (PNe) and the broad and narrow emission line regions found in active galactic nuclei ( Fig. 1.1 ). H ii regions are diffuse nebulae found around newly formed young, massive stars and trace the current status of the ISM. Giant extragalactic H ii regions, sign posts of massive star formation activities, are amongst the most prominent features seen in a gas-rich, star-forming galaxy.
In some galaxies, the star forming activities are so intense that the whole galaxy becomes a giant H ii region. Such galaxies are called H ii or starburst galaxies and are observable to PNe are amongst the most beautiful objects in the sky and, arguably, the queen of the night. They were given the name by William Herschel (Herschel, 1785) based on their distinct structures and, for some of them, nearly circular and overall uniform appearances resembling the greenish disk of a planet. They have however nothing to do with a planet (but see later) and are in fact expanding gaseous envelopes expelled by low-and intermediate-mass stars in late evolutionary stage after the exhaustion of central nuclear fuel at the end of the asymptotic giant branch (AGB) phase. Owing to their relatively simple geometric structure, a nearly symmetric shell of gas ionized by a single, centrally located white dwarf, PNe are ideal cosmic laboratories to study the atomic and radiative processes governing cosmic low density plasmas. PNe have played and continue to play a central role in formulating the theory of photoionized gaseous nebulae. Representing a pivotal, albeit transient evolutionary phase of low-and intermediate-mass stars (the overwhelming majority in a galaxy), PNe play a major role in the galactic ecosystem -in the constant enrichment of metals, formation and destruction of molecules and dust grains and in the recycling of gas in the ISM. Today, studies of PNe have gone far beyond the objects themselves. PNe are widely used to trace the kinematics of the host galaxies and the intracluster stellar populations. They have even
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been successfully utilized to measure the Hubble constant of the cosmic expansion.
Recent progress in observational techniques, atomic data and high-performance computation have enabled reliable measurements and analyses of lines as faint as one millionth of Hβ, including weak optical recombination lines (ORLs) from abundant heavy elements (C, N, O, Ne and Mg) and collisionally excited lines (CELs) from rare elements, such as fluorine and s-and r-process elements. This allows one to address some of the long-standing problems in nebular astrophysics as well as opening up new windows of opportunity.
In this contribution, I will briefly review the development of the theory of photoionized gaseous nebulae, highlighting some of the key events. I will then present some recent developments of deep spectroscopy of PNe and H ii regions, concentrating on observations of faint heavy element ORLs. I will show that there is strong evidence that nebulae contain another previously unknown component of cold (about 1,000 K), high-metallicity plasma, probably in the form of H-deficient inclusions embedded in the warm (about 10,000 K) diffuse nebula of "normal (i.e. near solar ) composition". This cold gas emits essentially all the observed flux of heavy element ORLs, but is too cool to excite any significant optical or ultraviolet CELs and thus invisible via the latter. The existence of H-deficient gas in PNe and probably also in H ii regions, not predicted by the current stellar evolution theory, provides a natural solution to the long-standing dichotomy between nebular plasma diagnostics and abundance determinations using CELs on the one hand and ORLs on the other, a discrepancy that is ubiquitously observed in Galactic and extragalactic PNe as well as H ii regions.
The founding of the theory of photoionized gaseous nebulae
The applications of the principle of "Chemical analysis by observations of spectra" ex- Fraunhofer lines observed in the spectra of the Sun and other stars, they found bright emission lines in the nebular spectra and concluded that the nebulae must consist of "enormous masses of luminous gas or vapour". While the Fraunhofer F line (H β at 4861Å) did appear in emission, the two bright, nearby lines λλ4959, 5007 were not Fraunhofer lines at all. The availability of dry photographic plates (light-sensitive silver bromide salts held in a gelatine emulsion on the glass), replacing the old wet collodion plates, made it possible to record long exposures of nebular spectra and more nebular emission lines were revealed in the blue and ultraviolet (UV) wavelength regions. In 1882, Huggins successfully photographed a UV spectrum of the nearest bright H ii region, the Orion Nebula, and detected a strong emission line near 3728Å (Huggins, 1882) .
By the late 1920s, dozens of nebular lines had been detected and their wavelengths accurately measured (Wright, 1918 ), yet most of them remained unidentified and were attributed to some hypothetical element "nebulium". The big breakthrough in understanding nebular spectra came in 1927 from Ira Bowen who, stimulated by a heuristic speculation by H. N.
Russell that the nebulium lines must be due to abundant "atoms of known kinds shining under unfamiliar conditions" such as in gas of very low density (Russell, Dugan and Stewart, 1927) , identified eight of the strongest nebular lines as being due to the forbidden transitions from the low excitation meta-stable states of the ground electron configurations of singly ionized oxygen, nitrogen and doubly ionized oxygen (Bowen, 1927a, b, c) . For the first time, the physical processes in gaseous nebulae could be understood. This important discovery paved the way for future studies of nebular structure and chemical composition.
Great strides forward in nebular spectral observations were made starting in 1910 and through the 1930s, powered by a number of technological inventions, such as the Schmidt camera (Schmidt, 1932) , the high-efficiency blazed diffraction grating (Wood, 1910 ) and the image slicer (Bowen, 1938) . Deep exposures revealed faint lines from the refractory elements such as potassium, calcium, silicon, magnesium and iron, demonstrating that nebulae are qualitatively made of similar material as stars (Bowen and Wyse, 1939) . In the following three decades, the structures and the underlying physics governing photoionized gaseous nebulae had been worked out quantitatively, including photoionization and recombination (Zanstra, 1926 (Zanstra, , 1927 Strömgren, 1939) , heating and cooling (Zanstra, 1931 Origin of PNe, as descendants of red giant stars was also understood (Shklovsky, 1956 ).
Photoionization models incorporating all known physics were constructed (Hjellming, 1966; Goodson, 1967; Harrington, 1968; Rubin 1968; Flower, 1969 ) and the models reproduced observations well. The theory of photoionized gaseous nebulae as it stood in late 1960s was nicely summarized in Astrophysics of Gaseous Nebulae by Donald Edward Osterbrock (1974).
CELs and ORLs -the dichotomy
While the theory seemed well established and solid, there were dark clouds hovering on the horizon. One concerned the measurement and interpretation of weak nebular emission lines, and the other regarded the possible presence of significant temperature inhomogeneities in nebulae and their effects on nebular abundance determinations.
Except for a few lines excited under specific environments, such as the Bowen fluorescence lines (e.g. O iii λλ3133, 3341, 3444; Bowen, 1934 Bowen, , 1935 , strong lines radiated by photoionized gaseous nebulae fall into two categories, recombination lines (RLs) and CELs.
Hydrogen and helium ions, the main baryonic components of an ionized gaseous nebula, capture free electrons and recombine, followed by cascades to the ground state. During this process, a series of RLs are radiated (e.g. H α λ6563, H β λ4861, He i λλ4472, 5876, 6678 and He ii λ4686). The ground electron configuration of multi-electron ions of heavy elements yields some low excitation energy levels (within a few eV from the ground state, such as 
Ne ii λ4392 and Mg ii λ4481.
Except for IR fine-structure lines arising from ground spectral terms, emissivities of CELs have an exponential dependence on electron temperature,
(the Boltzmann factor), where E ex is excitation energy of the upper level of transition emitting wavelength λ by ion X +i following collisional excitation by electron impacts ( Fig. 1 .
2).
At low densities, N e << N c , i.e. electron density N e much lower than the upper level's critical density N c (for any energy level above the ground, a critical density N c can be defined such that above which collisional de-excitation dominates over spontaneous radiative decay in de-populating the level; c.f. Osterbrock & Ferland, 2005) , we have (
where N (X +i ) is number density of ion X +i . At high densities, N e >> N c , emission of CELs are suppressed by collisional de-excitation and (X +i , λ) ∝ N (X +i ). Unlike CELs, emissivities of RLs increase with decreasing T e by a power law. Under typical nebular conditions
)N e , where α ∼ 1 and N (X +i+1 ) is number density of the recombining ion X +i+1 .
In a ground breaking work, Arthur B. Wyse published very deep spectra that he obtained with I. S. Bowen using the Lick 36-inch reflector for a number of bright PNe (Wyse, 1942) .
About 270 spectral lines were detected. Many were weak permitted transitions from abun- As stressed by Wyse, ionic abundances deduced from intensities of heavy element ORLs relative to Hβ, a method based on comparing lines of like to like, have the advantage that they are almost independent of the nebular thermal and density structures. In contrast, ionic abundances deduced from the intensity ratio of the collisionally excited, much stronger
,5007 forbidden lines relative to Hβ, have an exponential dependence on the adopted nebular electron temperature. Theoretically, ionic abundances deduced from heavy element ORLs should thus be more reliable, provided the lines can be measured accurately.
Unfortunately, latter development showed that accurate flux measurements for faint nebular emission lines were NOT possible after all with the technique available then, i.e. spectrophotography, due to the non-linearity of photographic plates. Via detailed comparisons between the observed fluxes of H i and He ii RLs and continua and those predicted by the recombination theory, it became clear that spectrophotographic observations systematically overestimated intensities of faint lines, by as much as over a factor of ten (Seaton, 1960; Kaler, 1966; Miller, 1971; Miller and Mathews, 1972) . That spectrophotographic measurements of faint lines cannot be trusted seemed to be further supported by work in the 1980s that contrasted C ++ /H + ionic abundances deduced from the collisionally excited C iii] λλ1907,1909 intercombination lines and from the faint C ii λ4267 ORL (c.f. Barker, 1991 and references therein), suggesting that the intensity of the faint C ii λ4267 line had either not been interpreted correctly or been grossly overestimated (Rola and Stasińska, 1994 (Peimbert 1967; Peimbert, 1971) . Given the weakness of nebular continuum emission, measuring the Balmer jump accurately was no easy task and his results were disputed (Barker, 1978 3) Excluding metal-poor nebulae in the Galactic halo and in the Large and Small Magellanic Clouds (LMC and SMC, respectively), oxygen abundances deduced from CELs for Galactic H ii regions and PNe fall in a narrow range compatible with the solar value. In contrast, ORLs yield much higher abundances, more than ten times solar in some cases.
around 10,000 K, as one expects for a photoionized gaseous nebula of solar composition, the Balmer discontinuity yields some very low temperatures, down to below 1,000 K. In fact, the discrepancies in temperature and abundance determinations, using ORLs/continua on the one hand and CELs on the other, seem to be correlated -objects showing large adf's also exhibit very low T e 's; 5) Large, old PNe of low surface brightness tend to show higher adf's. In addition, spatially resolved analyses of a limited number of bright, extended nebulae of large adf's show that ORL abundances increase towards the nebular center, leading to higher adf's near the center.
Evidence of cold, H-deficient inclusions
What causes the ubiquitous, often alarmingly large, discrepancies between the ORL and CEL plasma diagnostics and abundance determinations? Does the dichotomy imply that there are fundamental flaws in our understanding of the nebular thermal structure, or that we do not even understand basic processes such as the recombination of hydrogenic ions?
Can it be temperature fluctuations as originally postulated by Peimbert (1967) H-deficient gas has an electron temperature of only ∼ 1, 000 K, too low to excite any optical or UV CELs (thus invisible via the latter). Yet, the high metallicity combined with a very low electron temperature make those H-deficient inclusions powerful emitters of heavy element ORLs. In this picture, ORLs and CELs yield discrepant electron temperatures and ionic abundances because they probe two different gas components that co-exist in the same This leads to some uncertainties in the deduced total mass of the H-deficient material. In the current treatment, the inclusions have densities and temperatures that are roughly in pressure equilibrium with the surrounding diffuse medium of higher temperatures and lower densities. Physically, one envisions individual inclusions to be optically thick such that they can survive long enough to have observational effects. Proper modeling of optically thick knots will however require a separate set of fine grid for each of them to resolve the ionization and thermal structures, and thus demand even more computing resources. 
Spectroscopy of PNe harboring H-deficient inclusions
H-deficient clumps were previously known to exist in a rare class of old PNe, including Abell 30, 58 and 78, IRAS 15154-5258 and 18333-2357 (e.g. Harrington, 1996) . They are identified as PNe that experience a last helium shell flash that brings them back to the AGB to repeat the PN evolution stage, the so-called "born-again" PNe (Iben et al., 1983) . In 
Origins of H-deficient inclusions
The An alternative to the scenario of H-deficient inclusions being ejecta of nucleo-processed material is that they derive from metal-rich planetary material, such as icy planetesimals, that once orbited the PN progenitor star. As the star enters the PN phase by ejecting the envelope and evolves to become a luminous, hot white dwarf, the strong stellar winds and UV radiation fields begin to photoionize and strip gas off the planetesimals, now embedded in the PN (Liu, 2003 (Liu, , 2006a . As analyses show that only a few Jupiter masses metal-rich material is required to explain the observed strengths of ORLs, the idea may not be so eccentric as it first looks. Evaporating proto-planetary disks around newly formed stars (such as the proplyds found in the Orion Nebula) may likewise provide a natural solution to the problem of ORL versus CEL dichotomy similarly found in H ii regions.
The need for new atomic data
Atomic data relevant for the study of emission line nebulae, including collision strengths and effective recombination coefficients, are generally calculated for a temperature range Note that for n 1 ≥ 67 and n 2 ≥ 37, the doubly-excited O ii 2p 2 ( 3 P 1 )n 1 l 1 and 2p 2 ( 3 P 2 )n 2 l 2 states fall above the O iii ground level 2p 2 3 P 0 . Similarly, for n 2 ≥ 47, O ii 2p 2 ( 3 P 2 )n 2 l 2 states have energies above the O iii first excited fine-structure level 2p 2 3 P 1 . For temperatures of a few hundred Kelvin, di-electronic recombination via those low-lying fine-structure auto-ionizing states becomes an important process; Right: Loci of the O ii recombination line ratios λ4076/λ4089 and λ4076/λ4069 for different T e 's and N e 's (based on data provided by Dr. P. J. Storey).
(Fang, Storey and Liu, in preparation) recombination spectra. Fig. 1.8 plots loci of the O ii I(λ4076)/I(λ4089) and I(λ4076)/I(λ4070) intensity ratios for different temperatures and densities. The diagram also illustrates the importance of di-electronic recombination via the low-lying fine-structure auto-ionizing states under very low temperatures. Preliminary applications of these new atomic data and diagnostics to observations yield lower temperatures and higher densities than CELs, as one expects.
Summary
To summarize, nearly one and half centuries after William Huggins' discovery of bright emission lines in the spectra of gaseous nebulae, enormous progress has been achieved in understanding them. In particular, we believe we now understand the faint ORLs emitted by heavy element ions, more than half a century after Wyse's pioneer work on O ii. The theory of photoionized gaseous nebulae seems to be solid. Yet any progress in our understanding of their nature seems to be always accompanied by the emergence of new puzzles. Clearly, those beautiful heavenly objects, queens of the night, are more delicate than we think and still hold some fascinating secrets from us. With dedicated observations, more discoveries are sure to come.
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